Background. During antiretroviral therapy (ART), HIV-1-infected patients may present with ultralow (UL) HIV-RNA viral loads (VLs) below quantification levels of current assays. Reasons for UL-VL detection and its relation to virological rebound (VR) are unclear.
Antiretroviral therapy (ART) effectively controls HIV infection, suppressing HIV viral loads (VL) below levels of quantification in the majority of patients. Ultrasensitive assays, with detection thresholds as low as 0.3 copies/mL, reveal the presence of residual viremia in treated patients [1] . The source of persistent ultralow (UL)-level viremia remains unclear; research suggests that it could be the result of ongoing rounds of viral replication, virus released from induced latently infected cells, or both [2] .
HIV-RNA levels are associated with immunological and clinical outcomes in HIV-infected patients, and hence their quantification in plasma is an essential tool for monitoring ART efficacy. Achieving and maintaining VL "undetectability" (<20 or 50 copies/mL) is the recommended target for combined ART in all international guidelines [3, 4] .
For firstline regimens, patients with lower baseline HIV-RNA VL, increased genotypic susceptibility, and ART containing an integrase-strand transfer inhibitor (INSTI) or efavirenz (EFV) are more likely to exhibit virological success and less likely to encounter virological rebound (VR), defined as thresholds above 50 copies/mL [5, 6] . No evidence has supported the role of HIV subtypes in virological control [7] . As most commercially available assays have HIV-RNA quantification thresholds at 20-50 copies/mL, it remains to be determined if these factors, and possibly others, are associated with rates of achieving HIV-RNA levels below ultrasensitive thresholds [8, 9] . Furthermore, previous epidemiological studies have suggested that HIV-RNA replication detected at lower thresholds (20-40 copies/mL) increases risk of VR [10] , yet whether this pertains to detection at UL-VL levels is unclear. Finally, the time-varying nature of UL-VL detectability during effective treatment has not been appropriately assessed in previous studies.
The purpose of this study was to determine the virological, immunological, and therapeutic correlates of VL below ultrasensitive detection levels (UL-VL) in a large group of ARTnaïve patients from outpatient clinics initiating more recent ART combinations. Furthermore, we aimed to use long-term repeated sampling of UL-VLs during treatment to more concretely establish the effect of persistent residual viremia on VR.
METHODS

Study Design and Population
Between 2009 and 2013, HIV-1-infected antiretroviral-naïve patients were selected from 2 French university hospitals (Pitié-Salpêtrière and Saint-Antoine Hospitals). Inclusion criteria were as follows: initiating triple ART regimen with a nucleoside/ nucleotide reverse transcriptase inhibitor (NRTI) backbone, HIV-RNA >200 copies/mL at ART initiation, achieved <50 copies/mL at least once during ART, and ≥2 available UL-VLs during follow-up. The study was carried out in accordance with the Declaration of Helsinki. As this was a retrospective, noninterventional study with no additional procedures from standard of care and use of biological samples was permitted after receiving ethical approval (La Pitié-Salpêtrière and SaintAntoine Hospitals, Paris, France), this study was exempt from informed consent according to French Public Health Code (CSP Article L.1121-1.1).
Quantification of HIV Viral Load
Plasma HIV-1 RNA was measured using a commercially available polymerase chain reaction (PCR) assay (Ampliprep COBAS TaqMan V2.0, Roche, Meylan, France). This assay provides quantitative results for HIV-RNA values ≥20 copies/ mL. Qualitative results are also given as HIV-RNA detected (but <20 copies/mL) or when the PCR target was not detected (UL-VL not detected).
Clinical and Therapeutic Characteristics
The following patient characteristics were obtained from computerized medical records: age, gender, date of first HIVpositive serology, AIDS-defining illness, HIV subtype, CD4+ and CD8+ T-cell counts, and nadir CD4+ T-cell count. CD4/ CD8 ratio was dichotomized at 0.8 (median level 1 year after ART initiation). Individual antiretroviral agents were recorded, along with their dates of initiation and discontinuation, if applicable. All patients gave written informed consent that a de-identified, electronic version of their medical chart could be used for research purposes.
Statistical Analysis
Analysis intended to reflect "real-life" therapeutic options and hence follow-up incorporated patients undergoing sequential lines of combined ART. Baseline was defined as the visit before ART initiation. Patients were followed while on continuous ART until ART discontinuation, last follow-up visit, or no follow-up within 12 months after last VL measurement, whichever occurred first. Follow-up was not censored if individuals switched to another therapeutic line of ART.
Two primary outcomes (based exclusively on HIV RNA levels) were analyzed in the study: (1) rate of UL-VL not detected and (2) time until VR (defined as having 2 consecutive HIV-RNA VL measurements >50 copies/mL or 1 measurement >200 copies/ mL after a period of undetectability). First, in a risk factor analysis examining rate of UL-VL not detected, univariable incidence rate ratios (IRRs) comparing levels of determinants and their 95% confidence intervals (CIs) were calculated using a random-effects Poisson regression model accounting for patient variability at baseline. Second, risk factors of VR were examined in the cohort. As VR can occur several times during the course of ART, we modeled rates of VR in a repeat-event analysis [11] . Follow-up was divided into intervals of virological suppression. To summarize, the initial follow-up period began at the first visit with HIV-RNA <50 copies/mL and ended at first VR. Additional periods of follow-up were incorporated, beginning at the visit when HIV <50 copies/mL was next achieved after VR and ending at the visit with subsequent VR, until the last VR. For individuals without VR, follow-up continued until the last visit. A conditional risk set, Cox proportional model with gap time was used to assess determinants of VR, from which univariable hazard ratios (HRs) and their 95% CIs were calculated. All parameter estimates were adjusted for number of tests per year to account for HIV-RNA testing frequency.
For both the random-effect Poisson regression and conditional risk set proportional hazards models, determinants with a P ≤.1 in univariable analysis were retained, and backwards selection was used to create a final multivariable model. Individual antiretroviral classes were compared with all classes combined as a reference group, which is denoted as the grand mean.
Several secondary outcomes were used to describe other measures of UL-VL detection over time. First, we examined the cumulative proportion achieving first UL-VL not detected. Second, we calculated the duration of follow-up with UL-VL not detected by summing, within individuals, the time intervals beginning at UL-VL not detected and ending at the next detectable UL-VL. The highest interval was taken for each individual and median (interquartile range [IQR]) time calculated. Third, the duration of follow-up with UL-VL not detected was divided by total follow-up time for each individual to estimate the overall proportion of follow-up with UL-VL not detected. We assessed the effect of changing VL levels to <20 and <50 copies/mL for all 3 outcomes.
In secondary analysis, we assessed the association between proportion of follow-up time with UL-VL not detected on virological and immunological progression during treatment. Based on the upper tertile, we constructed 2 groups of "high" or "low" UL HIV-RNA suppression (defined at ≥50% or <50% of follow-up with UL-VL not detected, respectively). We then compared UL HIV-RNA groups with respect to time to achieving first UL-VL not detected (while testing for differences in hazards using proportional hazards regression adjusted for baseline HIV-RNA VL) and changes in CD4+ cell count and CD4/CD8 ratio from baseline (modeled as a square root function of time using mixed-effects linear regression with random intercept and tested as a time-group interaction).
All analyses were performed using STATA (version 12.1; StataCorp, College Station, TX). All statistical tests were 2-sided, and a P value of <.05 was considered significant.
RESULTS
Description of the Study Population
Between 2009 and 2013, 717 patients initiating ART were included (519 from Pitié-Salpêtrière Hospital and 198 from SaintAntoine Hospital). The characteristics of the study population are presented in Table 1 . Most patients were male (73.5%) with median age (IQR) of 39 (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) Table 1) . Study characteristics at ART initiation are also compared between initial ART regimens in Table 1 . A significantly higher proportion of females commenced PI-containing ART, whereas the median age was higher in individuals commencing INSTIcontaining ART. Most differences in HIV-related parameters were observed in individuals initiating PI-containing ART, with a significantly higher proportion having an AIDS-defining illness, lower median current and nadir CD4+ T-cell counts, and a higher median HIV-RNA viral load.
Antiretroviral Therapy and Virological Response During Follow-up
Patients were followed for a median (IQR) of 3.4 (2.3-4.6) years. Firstline therapy was continued until the end of follow-up in No. of switches during follow-up 292 (40.7%) patients. The remaining 425 (59.3%) patients had 1 (n = 287), 2 (n = 78), or ≥3 (n = 60) treatment switches during follow-up, whereas the median time until first treatment switch (IQR) was 1. Table 2) were those with an AIDS-defining illness (P < .001), lower median current and nadir CD4+ T-cell counts (P = .008 and P = .02, respectively), and higher HIV-RNA viral load (P < .001).
A median number (IQR) of 11 (8) (9) (10) (11) (12) (13) (14) HIV-RNA VL measurements per person was taken during follow-up, resulting in a median (IQR) of 2 (1-3) tests per year per person. VL <50 copies/mL was achieved in all 717 patients as part of the inclusion criteria, with 85.1%, 12.4%, and 2.5% occurring during firstline, second-line, and third-line ART, respectively. The cumulative proportion obtaining HIV-RNA VL <50 copies/mL was 78.1% at month 12, 86.1% at month 18, and 92.8% at month 24 of follow-up (with the last patient achieving <50 copies/mL at 37 months).
Suppression Below Ultrasensitive Detection Thresholds During Follow-up
The cumulative proportion obtaining UL-VL not detected was 42.3%, 57.7%, and 70.3% at months 12, 18, and 24 of follow-up, respectively. Of the 676 (94.3%) patients achieving UL-VL not detected, first UL-VL not detected occurred a median (IQR) of 1.1 (0.6-2.0) years after ART initiation. Duration of UL-VL not detected lasted at most a median (IQR) of 1.4 (0.7-2.3) years. The median proportion of follow-up with UL-VL not detected within patients (IQR) was 40.0% (20.0%-60.0%), whereas this proportion was lower when assessed at <20 copies/mL (median [ Clinical, immunological, and virological factors associated with having a UL-VL not detected during the course of follow-up are shown in Table 2 . In multivariable analysis, UL-VL not detected over time was associated with younger age (P < .001), female gender (P = .04), lower baseline VL (P < .001), baseline CD4+ >500 vs <350/mm 3 (P < .001), and ART containing an INSTI (P = .009). Analysis restricted to firstline therapy among individuals with virological response to their firstline regimen gave similar results (Supplementary Table 3 ).
Patients with "high" UL HIV-RNA suppression (UL-VL not detected occurring for ≥50% of the total follow-up duration, n = 290) had a significantly shorter time until achieving UL-VL not detected (P < .001) ( Figure 1A ), a faster increase in CD4+ T-cell count (P = .03) ( Figure 1B) , and a faster increase in CD4/CD8 ratio (P = .001) ( Figure 1C ) than patients with low UL HIV-RNA suppression (UL-VL not detected occurring for <50% of the total follow-up duration, n = 427).
Virological Rebound During Follow-up
VR occurred 237 times during follow-up and was defined by 2 consecutive HIV-RNA VLs >50 copies/mL for 102 (43.0%) VRs, 1 HIV-RNA VL >200 copies/mL for 124 (52.3%) VRs, or both criteria for 11 (4.6%) VRs. Overall, VR was observed in 131 (18.3%) patients during follow-up, of whom 68 (51.9%) exhibited VR once, 41 (31.3%) twice, and 22 (16.8%) 3 or more times. The median time until VR (IQR) was 1.6 (0.9-2.2) years, only considering the first VR for those with multiple rebounds.
In multivariable analysis accounting for conditional risk sets (Table 3 , Model 1), VR was associated with having a CD4/ CD8 <0.8 during follow-up (P = .01) and a higher number of HIV-RNA VL tests per year (P = .001). Of note, NNRTIcontaining ART was associated with a significantly reduced risk of VR (P = .003), and other combinations with a significantly higher risk of VR (P = .02) in univariable analysis, yet this was not the case in multivariable analysis. When replacing cumulative duration with UL-VL not detected with ART regimen in the final multivariable model (given the collinearity between these 2 variables), longer periods of UL-VL suppression were significantly and inversely associated with VR (Table 3 , Model 2). Analysis restricted to firstline therapy among individuals with virological response to their firstline regimen again gave similar results (Supplementary Table 4 ).
DISCUSSION
With advances in ART capable of providing more potent, convenient, and tolerable regimens, virological suppression can be achieved in most HIV-infected patients regardless of initial firstline regimen. The main focus has now shifted toward maintaining long-term virological response and measuring the level at which suppression has been achieved. This longitudinal analysis, conducted in 717 treatment-naïve patients starting combined ART who were able to achieve virological response, demonstrated the effect of ART regimen and immune status not only on residual viremia but also subsequent VR during a median follow-up of more than 3 years.
Indeed, some of the determinants more commonly associated with HIV-RNA VL suppression at higher detection thresholds were found with respect to UL-VL not detected: younger age, female gender, lower baseline VL, and higher baseline CD4+ cell count. Lower baseline plasma VLs before ART initiation and faster time to plasma virologic suppression during ART have already been shown in females compared with males [12] . The association between pre-ART VL and UL-VL not detected during treatment has also been previously highlighted in several short-term studies [8, 9, [13] [14] [15] [16] [17] , suggesting a link between extensive viral spread with higher levels of circulating virus before ART initiation and the infection of long-lived reservoirs [1] .
One of the more important findings of our study was that ART containing an INSTI was associated with a UL-VL not detected during the course of follow-up. Our results mirror those of Gianotti et al., over a shorter time period, in which a summary statistic of percent time with residual viremia was lower among patients undergoing treatment with an INSTI [13] , yet their patient population and definition of low-level viremia were divergent from our study. Other studies have demonstrated that HIV-RNA plasma concentrations decrease faster in the first weeks after initiating treatment with INSTIcontaining ART compared with PI-class antiretrovirals [6, [18] [19] [20] or EFV [21] . As the vast majority of patients were receiving raltegravir (RAL), further investigation on other INSTI agents, such as dolutegravir (DTG), are needed. In contrast to several previous studies [13, 14, 22, 23] , no effect of NNRTI on residual viremia emerged in our study. This discrepancy could be explained by differences in NNRTI agents, as patients in our cohort were more commonly treated with rilpivirine (n = 216) and efavirenz (n = 188) and less so with nevirapine (n = 4). Based on ultralow virological suppression, our findings tend to support recommendations of current treatment guidelines to start combined ART with an INSTI-based regimen, independent of CD4+ count and HIV-RNA VL [3, 4] .
As persistent residual viremia appears to impact immune activation, inflammation, and microbial translocation [24, 25] , VLs at ultralow levels could bear some clinical importance. The ongoing presence of virus despite low viral concentrations could prevent some systemic inflammatory markers from returning to normal levels; however, the association between residual inflammation and residual HIV-1 replication is probably bi-directional and complex [26] . Indeed, as shown in several studies among Analysis includes 717 HIV-infected patients initiating antiretroviral therapy and accounts for subsequent lines of ART after switching regimens. Incidence rate ratios and 95% confidence intervals were calculated from a random-effects Poisson regression accounting for patient variability at baseline.
Abbreviations: ART, antiretroviral therapy; CI, confidence interval; HCV, hepatitis C virus; IRR, incidence rate ratio; NNRTI, non-nucleoside/nucleotide reverse transcriptase inhibitor; PI, protease inhibitor; UL-VL, ultralow viral load. a In multivariable analysis, baseline nadir CD4+ was closely linked to baseline CD4+ T-cell count and hence excluded. Time-varying CD4:CD8 ratio (preferred over CD4:CD8 ratio at baseline) was excluded because its associated P value was below the prespecified threshold (P = .402). A total of 52 patients had missing data on baseline CD4 T-cell count (n = 51) or age (n = 1) and were not included the multivariable model. Individual antiretroviral classes were compared with all classes combined as the reference group.
patients undergoing treatment intensification [27] [28] [29] [30] [31] or effective ART for 7 years [27] , residual viremia under ART has been associated with low-grade immune activation. Another study has shown that immune activation still persists despite UL-VL not detected after 10 years of treatment [28] , but this was assessed with only 1 cross-sectional measure of UL-VL.
Several studies have shown that restoration of the CD4/CD8 ratio is associated with faster virological control after ART initiation (VL <50 copies/mL) [29, 30] . At the same time, CD4 decline appears to be accelerated in studies investigating immunologic progression among elite HIV controllers without ART [29] [30] [31] . In our study, we observed that patients with more extensive viral suppression below ultrasensitive detection levels during ART, defined as UL-VL not detected for ≥50% of follow-up, have faster increases of CD4 cell count and CD4/ CD8 ratio. Interestingly, CD4/CD8 ratio is inversely correlated to levels of inflammation and immune activation in patients with virological suppression [32] . Whether the immunological effects linked to increased UL-VL suppression also correspond to improvement in inflammation remains to be fully elucidated.
The relationship between HIV-RNA replication and VR has been examined in several studies using assays with higher detection thresholds, but this association with respect to residual viremia is unclear. Past research has shown that patients with a slower time to achieving <50 copies/mL are more likely to continue treatment with residual viremia [13] , and when <50 copies/mL occurs >6 months after initiating ART, they have an almost 2-fold risk of subsequent VR [6] . Reports with clearer evidence have stated that the inability to achieve UL-VL during firstline therapy could lead to a higher risk of VR in certain settings [33, 34] , whereas others failed to observe similar results [35] . In our study, we observed that patients without VR were able to suppress UL-VL not detected at a significantly faster rate, similar to patients with "high" suppression of UL HIV-RNA during the course of treatment. Furthermore, we demonstrated that the longer UL-VL not detected occurred during treatment duration, the lower the risk of VR. These results suggest the importance of extensive long-term suppression in order to avoid subsequent VR.
Our study has several noteworthy advantages. The large number of patients with many repeated samples, including HIV-RNA VL measures, is one of the most extensive to date. These data allow more flexibility in analytical options, which is why we decided to examine not only the proportion of viral suppression during follow-up, as others have done [13] , but, more appropriately, the risk factors associated with the rate of ultralow viral suppression across all visits over time. This is an important distinction as the proportion of viral suppression can be biased by length of follow-up; most studies have evaluated this statistic at a single time point (ie, last follow-up visit). Furthermore, we did not focus only on firstline ART regimens or time until first VR, but rather the overall therapeutic strategies adapted throughout follow-up (by including time-varying treatment switches in the models) and multiple rounds of VR (via conditional risk set proportional hazards models). Including this information provides a more accurate representation of the dynamic processes occurring during routine follow-up. Despite these advantages, our study has some limitations. First, this study lacks information on adherence, pharmacological data, and ART-associated adverse events, which could play a role in UL-VL detection [36, 37] . Second, we did not analyze data on genotypic resistance at the start of treatment or at the time of rebound. Third, HIV-RNA VLs were measured using a commercially available assay as part of clinical follow-up. Singlecopy assays are more adapted to measuring ultrasensitive detection; nevertheless, this time-and cost-prohibitive assay requires large amounts of blood to be collected and cannot be readily used in routine practice [34] . The major limitation of routine PCR is that when HIV RNA VLs are extremely low, within-assay variation is large and could have an impact on reproducibility when evaluating detection or within-patient variation [38] . It should be mentioned, however, that other studies investigating residual viremia have also used real-time PCR assays with fairly reproducible conclusions [10, 13, 17, 33] . Finally, although estimates were adjusted for the number of tests per year, we cannot completely exclude missed virological rebounds. Finally, PI-containing regimens were more often given to individuals with high HIV-RNA VL and low CD4+ T-cell count at ART initiation, and this bias could have influenced our results. Although we did adjust for these factors in multivariable analysis, residual confounding cannot be fully excluded.
In conclusion, notwithstanding the nonrandomized allocation of treatment combinations, we showed that diverse Analysis includes 717 HIV-infected patients initiating antiretroviral therapy and accounts for subsequent lines of ART after switching regimens. Hazard ratios and 95% confidence intervals were estimated from a conditional risk set Cox proportional hazards model (using time from the previous event).
Abbreviations: ART, antiretroviral therapy; CI, confidence interval; HCV, hepatitis C virus; HR, hazard ratio; NNRTI, non-nucleoside/nucleotide reverse transcriptase inhibitor; PI, protease inhibitor; UL-VL, ultralow viral load. a Adjusted for number of HIV-RNA tests per year to account for individuals with more frequent testing (hence, higher possibility of detecting virological rebound).
b In the multivariable model, treatment switch was excluded from the model as its associated P value was below the prespecified threshold (P = .157). A total of 36 patients had missing data on CD4:CD8 ratio and hence were not included in the multivariable model. c Replacing cumulative duration with UL-VL not detected as a time-varying variable with ART regimen in Model 1 (given the collinearity between these 2 variables).
e Individual antiretroviral classes were compared with all classes combined as the reference group.
ART regimens have different effects on residual viremia after achieving <50 HIV-RNA copies/mL. In particular, higher rates of virological suppression with UL-VL not detected are more common in individuals undergoing INSTI-based ART regimens. Moreover, given the association between residual viremia and immune activation, INSTI-class antiretrovirals, a preferred third agent for firstline ART according to current recommendations, could also lead to improvement in immunological parameters and possibly reduced inflammation. Further evidence would be needed, however, on other INSTI-class agents to confirm this hypothesis.
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